Amygdala dysfunction and abnormal fear and stress reactivity are common features of several developmental neuropsychiatric disorders. Yet, little is known about the exact role the amygdala plays in the development of threat detection and emotional modulation. The current study examined the effects of neonatal amygdala lesions on defensive, emotional, and neuroendocrine reactivity of infant rhesus monkeys reared with their mothers in large species-typical social groups. Monkeys received either bilateral MRI-guided ibotenic acid amygdala (Neo-A; n = 16) or sham (Neo-C; n = 12) lesions at 24.8 ± 1.2 days of age, or served as behavioral control (Neo-BC; n = 3). Defensive and emotional responses were assessed using the Human Intruder Paradigm as infants and as juveniles (2.5 and 12 months of age, respectively), whereas neuroendocrine reactivity was only examined during the juvenile period. As infants, Neo-A animals expressed similar levels of freezing and hostile behaviors as compared to controls, whereas during the juvenile period Neo-A animals expressed significantly less freezing compared to controls. Interestingly, the sex of the infant modulated the behavioral effects of neonatal amygdalectomy, leading to different patterns of behavior depending on the sex and lesion status of the infant. Unlike controls, Neo-A infants did not modulate their behavioral responses based on the salience of the threat. The impact of neonatal amygdalectomy increased with age, such that Neo-A juveniles exhibited fewer emotional behaviors and increased cortisol response to the stressor as compared to controls. These data indicate that the amygdala plays a critical role in the development of both emotional and neuroendocrine reactivity as well as the expression of sexually dimorphic emotional expression.
Keywords sex difference; amygdala; emotion; cortisol; testosterone Studies in adult rodents, monkeys, and humans have shown that the amygdala plays a critical role in detecting potential dangers and modulating ones behavioral and physiological responses to threats encountered (Aggleton, 2000) . In adult monkeys, amygdala lesions had conflicting effects on emotional reactivity. In some studies amygdalectomy reduced freezing, fearful, and hostile behaviors toward an unfamiliar conspecific or human (Meunier, et al., 1999; Kalin, et al., 2001 Kalin, et al., , 2004 Machado & Bachevalier, 2008) , whereas other studies using unfamiliar humans as stimuli reported no effects of lesions (Kalin, et al., 2001; Izquierdo, et al., 2005) . Additionally, studies in adult monkeys and rodents have also demonstrated that the amygdala has an excitatory influence on the neuroendocrine hypothalamic-pituitary-adrenal (HPA) axis stress response through indirect projections to the paraventricular nucleus of the hypothalamus (Mason, et al., 1959; Kalin, et al., 2004; Machado & Bachevalier, 2008 ; see review Herman, et al, 2003; Myers, et al., 2012) . However, in those studies, the amygdala, hypothalamus and their connections are already mature at the time of the experimental manipulation, leaving open the question of the role of the amygdala in the development of threat detection, and modulation of emotional and HPA axis responses towards potential threats.
In rhesus monkeys, the amygdala has a protracted development, increasing in volume from birth to 2 years of age (Payne, et al., 2010; Chareyron, et al., 2012) , a period coinciding with behavioral development and increased social competency. For example, infant rhesus monkeys appear to lack fear and defensive behaviors for about two-three months following birth (Mendelson, 1982; Mendelson, Haith, & Golman-Rakic, 1982; Kalin, Shelton, & Takahashi, 1991) with context-appropriate responses to social signals and threats emerging during this refinement of cortical-amygdala projections (Freese & Amaral, 2009 ) and increased myelination of amygdala connections (Chareyron, et al., 2012) . Few studies have examined the role of the amygdala in the development of threat detection and emotional modulation. These studies have shown that early amygdala damage yields abnormal threat detection and inappropriate reactivity to objects and social partners (Thompson, 1981; Prather, et al., 2001; Bauman, et al., 2004; Bliss-Moreau, et al., 2010; Raper, et al., 2012a) . Another study has also investigated HPA axis reactivity to stress (Raper, et al., 2012a) using the Human Intruder paradigm in surrogate peer-reared rhesus monkeys with neonatal amygdala lesions. These data showed that animals with neonatal amygdalectomies expressed the species-typical defensive behaviors (i.e., freezing or hostility), but lacked the ability to appropriately modulate those behaviors based on the level of threat posed by the human intruder. The magnitude of this effect increased with age. Additionally, neonatal amygdala lesions resulted in a blunted cortisol response to the intruder stressor. These data suggest that the amygdala is essential to adjust animals' behavioral and neuroendocrine responses according to the level of threat presented by the intruder. However, the examination of stress reactive HPA axis response was only examined in adulthood (Raper, et al., 2012a) , long after the damage to the amygdala, leaving open the question of the amygdala's influence on the HPA axis during juvenile development.
The amygdala is a sexually dimorphic structure varying in size and in the distribution of androgen receptors in males and females (Pomerantz & Sholl, 1987; Micheal, Rees, & Bonsall, 1989; Abdelgardir, et al., 1999) . Thus, the amygdala is potentially an important brain structure in the expression of sexually dimorphic behaviors and neuroendocrine function (McClure, et al., 2004; Zosuls, et al., 2009; Saint-Maurice, et al., 2011) . A few animal studies have investigated sex differences in threat detection, indicating elevated fearful and hostile behavior expression in females compared to males (Mason, et al., 1960) , but no sex difference on the duration of freezing (Kalin, et al., 1998) in response to an unfamiliar human. Most studies examining sex differences the emotional behaviors of rhesus monkeys have been conducted after puberty when gonadal hormones are high in circulation (Mason, et al., 1960; Hadidian, 1980; Troisi, et al., 1990) . However, sex differences in other behaviors (e.g. play, mounting) have been found before puberty, when the hypothalamic-pituitary-gonadal (HPG) axis is quiescent (Wallen, 1996 (Wallen, , 2005 . Therefore, the expression of behavioral sex differences may be under the activational influence of circulating gonadal hormones for some behaviors but not others.
Infant male rhesus monkeys undergo a transient activation of the HPG axis from birth to four months of age, called the postnatal testosterone (T) surge (Robinson & Bridson, 1978; Mann, et al., 1989) . It is unknown if circulating T levels during the postnatal T surge influence the expression of behavioral sex differences during the Human Intruder paradigm. Additionally, no studies have examined how the sexes may differ in the effects of early amygdala damage. Thus, the current study examined the effects of neonatal neurotoxic amygdala lesions on threat detection, modulation of defensive behaviors and HPA axis stress reactivity in both male and female rhesus monkeys. Animals were tested in infancy during the postnatal T surge (at 2.5 months), and again during the juvenile period (at 12 months) when the T surge had subsided, but much prior to puberty. We also assessed how this infant surge in gonadal hormones or gonadal quiescence during the juvenile period affected sex-dimorphisms in emotional responses. Lastly, the monkeys in this study were reared by their mothers in a large multimale, multifemale age-graded social groups consisting of 85 to 100 group members. Some behavioral sex differences are only evident under more limited social rearing conditions (Wallen, 1996) , thus it was possible that our animals would show no difference in responsiveness to the intruder, as a result of their highly enriched social experience.
Methods

Subjects
Thirty-one infant rhesus monkeys (Macaca mulatta) from middle-ranking multiparous mothers, which were living in long term age-graded groups of monkeys whose social structure duplicated that seen in naturally occurring populations were used in this study. The mothers rank in the social hierarchy was defined through a combination of historical records and observations of agonistic interactions, and rank categories were defined by the proportion of matrilines that fell within the upper, middle, or lower third of the hierarchy. Mother-infant pairs and other members of the social groups lived in large outdoor compounds (38m × 39 m) with attached heated and cooled indoor areas at the Yerkes National Primate Research Center (YNPRC) Field Station (Lawrenceville, GA) of Emory University. Mother-infant pairs were temporarily removed from this social group 3 days prior to surgical procedures and remained out of the social group for 8 to 14 days before being reintroduced. Subjects received neonatal neurotoxic lesions of the amygdala (Neo-A; males = 9, females = 7), and sham operations (Neo-C; males = 6, females = 6) at an average of 24.8 ± 1.2 days of age, or served as behavioral control (Neo-BC; males =2, females = 1). All neuroimaging and surgical procedures were performed at the YNPRC Main Station (Atlanta, GA) and have been described in detail elsewhere (Raper, et al., 2012b) and will be briefly summarized below. Subjects' emotional reactivity to a Human Intruder paradigm (Kalin, et al., 1991) was assessed at 2.5 months and 12 months of age.
Imaging and surgical procedures
Magnetic Resonance Imaging (MRI) Procedure-The day of surgery, infants were removed from their mother, sedated (Ketamine hydrochloride, 100mg/ml), intubated, anesthetized with isoflurane (1-2% to effect), their head was shaved and secured in a nonferromagnetic stereotaxic apparatus. Infants received an intravenous drip of 0.45% dextrose and sodium chloride to maintain hydration and vital signs (heart rate, respirations, blood pressure, expired CO2) were monitored throughout the procedures. Two MRI sequences were obtained using a Siemens 3.0T/90 cm whole body scanner and a 3″ circular surface coil. First, a T1-weighted scan (spin-echo sequence, echo time [TE] = 11ms, repetition time [TR] = 450ms, contiguous 1mm section, 12cm field of view [FOV], 256×256 matrix) was acquired in the coronal plane and used to determine the coordinates of injection sites in the amygdala. Additionally, three fluid attenuated inversion recovery (FLAIR) scans (3D T2-weighted fast spoiled gradient [FSPGR]-echo sequence, TE = 2.6ms, TR = 10.2ms, 25° flip angle, 12 cm FOV, 256×256 matrix) were obtained in the coronal plane at 3.0 mm (each offset of 1 mm posteriorly) throughout the brain. These MR sequences were repeated for Neo-A animals 7-10 days after the surgical procedure, to accurately localize the areas of edema and estimate the extent of lesion.
Surgical Procedure-After imaging, the infants were kept anesthetized and brought to the surgical suite where they were prepared for aseptic surgical procedures. The scalp was disinfected with Nolvasan solution and a local anesthetic (Bupivicaine 0.25% concentration, 1.5ml) was injected subcutaneously along the midline to reduce the pain during skin incision. The skin and connective tissue were gently displaced laterally, two small bilateral craniotomies were made in front of bregma and above the amygdala, and the dura was cut and retracted to expose the brain.
Neo-A animals received injections of ibotenic acid (PH 7.8-7.9, 10 mg/ml concentration) in 6-8 sites within the center of the amygdala using 10μl Hamilton syringes. Needles were lowered simultaneously in both hemispheres and a total of 0.6-0.8 μl of ibotenic acid was manually injected at a rate of 0.2μl/minute. After each injection, needles were left in place for a 3-minute period to minimize the spread of neurotoxin during needle retraction.
At the completion of the injections, the dura was closed with silk sutures, the craniotomies were covered with Surgicel NU-KNIT (absorbable hemostat), and connective tissues and skin were closed. The animal was placed in a temperature controlled incubator ventilated with oxygen until fully recovered from anesthesia. All animals received banamine (1mg/kg for 3 days), dexamethasone (0.5mg/kg for 3 days) and antibiotic (rocephin, 25mg/kg for 7 days) after surgery to prevent pain, edema, and infection, respectively.
Neo-C animals received the same surgical procedures except no needle was lowered and no injections were given. Animals in the behavioral control group (Neo-BC) were not transported to the YNPRC Main Station, but were separated from their mother, sedated (Ketamine hydrochloride, 100mg/ml), their head was shaved, and scalp was disinfected with Nolvasan Solution, but no surgery was performed. They also received the same "postsurgical" medications as did the Neo-C and Neo-A animals. Twenty-four hours after separation they were reunited with their mother and a week later received a follow-up separation as did the Neo-C and Neo-A animals.
Lesion Verification-Estimation of the extent of intended and unintended damage for Neo-A animals was made using pre-and post-surgical MR images (Malkova, et al, 2001; Nemanic, et al, 2002) . The T1 images were used to identify the borders of each structure and FLAIR images were used to visually identify extent of hypersignals, which were then plotted onto corresponding coronal drawings from a normalized infant rhesus monkey brain (J. Bachevalier, unpublished atlas) using Adobe Photoshop software. Image-J ® (version 1.44, http://rsbweb.nih.gov/ij/) program was used to measure the surface area (in pixels squared) containing hypersignals in amygdala and surrounding structures (entorhinal and perirhinal cortex and hippocampus). The volume of the amygdala damage was then divided by the normal volume of the amygdala (obtained from the template brain in the same manner) and multiplied by 100 to estimate a percentage of the total damage volume. The same procedure was applied to estimate potential damage to structures adjacent to the amygdala.
Lesion Extent
Based on post-surgical MR images, an average of 81.3% amygdala damage was obtained across both hemispheres, but varied from case to case (Table 1) . Twelve cases received substantial damage to the amygdala in both hemispheres (right: M = 84.82%; left: M = 92.80%). One case received only moderate bilateral damage (Neo-A-F5: right: 61.6%, left: 58.4%) and two cases had more asymmetrical amygdala damage (Neo-A-F3: right 100%, left 32.2%; Neo-A-M4: right 50.5%, left 84.9%). For one case (Neo-A-F1), the damage was restricted to the right hemisphere (right 82.3%, left 0%). The extent of unintended damage to the perirhinal and entorhinal cortices, anterior portion of the hippocampus, and tail of the putamen were negligible in 13 cases. In two cases, there was moderate damage to the entorhinal cortex in the right hemisphere (Neo-A-F1: 18.3%; Neo-A-F3: 21.8%). Moderate damage to the tail of the putamen was seen in two cases (Neo-A-F5 and Neo-A-F6). Figure  1 illustrates the extent of bilateral amygdala damage in a representative case (Neo-A-M5) as shown by the location and extent of hypersignals seen in the post-surgical FLAIR images.
Human Intruder Paradigm
Thirty subjects (Neo-C n=12; Neo-BC n=2; Neo-A n=16) were tested as infants at 81 ± 10 days of age and given their dependence on their mother at this early age, all mother-infant pairs were trained for quick capture from the social group (see Raper, et al., 2012b) . Mothers would carry infants into the indoor area, and once inside, mothers were trained to enter a transfer box with their infant. The pair was then placed into a cage from which the infants could be separated from their mother for behavioral testing. All subjects were re-tested again at 12 months of age, except five subjects (two Neo-C males, one Neo-A female, and two Neo-A males) that were not tested due to illness unrelated to their experimental procedures, and an additional Neo-BC male was tested at this age (see Suppl. Table 1 ). Thus, only 26 subjects were tested as juveniles (Neo-C n=10; Neo-BC n=3; Neo-A n=13). Juvenile monkeys were independently trained to quickly separate from their social group without their mothers, and once inside they were trained to voluntarily enter a transfer box.
For behavioral testing, at both ages, animals were transported to a novel testing room, and transferred to a stainless steel cage with one wall made of clear plexi-glass to allow video recording. The Human Intruder paradigm lasted 30-min and consisted of three conditions (Alone, Profile [referred to as "No Eye Contact" in other publications], Stare) presented in the same order for all animals. At each age, the experimenter wearing a rubber mask depicting a male face with cuts around the eyes to allow the monkey to view the experimenter's eyes were used as the Intruder. Different masks were used at each age. Thus, the animal first remained alone in the cage for 9-min (Alone condition), then the intruder entered the room, and sat two meters from the test cage for 9-min while presenting his/her profile to the animal (Profile condition). After the Profile, the intruder left the room and the animal remained in the cage alone for 3-min, after which the intruder re-entered the room and made direct eye contact with the animal for 9-min (Stare condition). Immediately following the test, monkeys were reunited with their mother and social group.
Animals' emotional reactivity during the Human Intruder paradigm was video recorded and later coded using a detailed ethogram (Table 2) . Digital videos were coded using the Observer XT program (Noldus, Inc., Netherlands) by one experimenter. Since the experimenter was not blind to the animals' treatment, videos were coded without identifying information about the subject, which was revealed after coding was complete. Cohen's Kappa was used to assess the intra-and inter-rater reliability on four videos. The experimenter had an average intra-rater reliability of Cohen's Kappa = 0.98; and an average intra-rater reliability of Cohen's Kappa = 0.845 with other trained experimenters who coded the videos.
Hormone assessment
At both test ages, blood samples were collected on all animals, immediately after being removed from their social group and prior to transport to the testing room, and used to assess basal hormonal levels. As described above, animals were trained for quick capture from the social group and blood samples were collected on unanesthetized subjects within 10 minutes of initial group disturbance, when the experimenters first enter the social group (see Sanchez, et al., 2010; Raper, et al., 2012a) . During infancy, blood was collected prior to Human Intruder paradigm testing for another experiment to assess basal cortisol during infancy (Raper, et al., 2012b) , and due to the animals small size no post-stress blood sample could be collected. Infants were wrapped in a fleece cloth and gently held while a second researcher took a blood sample via femoral venipuncture. As juveniles, both a basal sample was collected as well as a post-stress sample immediately after the human intruder task. Juveniles were trained to voluntarily present a leg through a hole in a modified housing cage, such that one researcher gently held their leg while a second researcher took a blood sample via saphenous venipuncture. All blood samples were collected in pre-chilled plastic 2 ml vacutainer tubes containing EDTA (3.6mg) and immediately placed on ice. Samples were centrifuged at 3,000 rpm for 15 minutes in a refrigerated centrifuge (at 4°C). Plasma was pipetted into sterile cryovials and stored at −80°C until assayed.
All assays were performed by the YNPRC Biomarker Core Laboratory (Atlanta, GA). During infancy, because of small plasma volumes, samples were only assayed for cortisol and testosterone, whereas juvenile plasma samples were assayed for ACTH, cortisol, and testosterone. Plasma concentrations of ACTH were assayed in duplicate by radioimmunoassay (RIA) using commercially available kits (DiaSorin, Inc., Stillwater, MN). The sensitivity of the DiaSorin assay was 7.10 pg/ml and intra-and inter-assay coefficients of variation in each assay were < 9.2%. Plasma concentrations of cortisol were assayed using liquid chromatography -mass spectroscopy (LC-MS). LC-MS analyses were performed via reverse phase chromatography on an LTQ-Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA). Quantitation was achieved using a deuterated cortisol internal standard (CDN Isotopes, Cortisol-9,11,-12,12-d4). The assay range was 2.5-60 ug/ dl with intra-and inter-assay coefficients of variation < 8%. Plasma testosterone levels were also assayed in duplicate by R.I.A using commercially available kits (DSL kit: Diagnostic Systems Laboratories, Webster, TX). The sensitivity of the DSL assay was 0.05ng/ml and intra-and interassay coefficients of variation were <7%.
Data Analysis
At each age, preliminary analyses were first performed to compare the two groups of control animals (i.e., behavioral control group [Neo-BC] and the sham-operated group [Neo-C]). Repeated measures ANOVA (Group X Condition) revealed no significant main effects or interactions. Therefore, data from both groups were combined to create a single control group (Neo-C) for all subsequent analyses. During infancy, there were 14 Neo-C animals (males = 7; females = 7) and 16 Neo-A animals (males = 9; females = 7) tested (see Suppl  Table 1 ). During preadolescence, three females had to be dropped from hormonal and behavioral analyses due to illness or injury at the time of testing (one Neo-C female, two Neo-A females), reducing the sample size to 12 Neo-C animals (males = 6; females = 6) and 11 Neo-A animals (males = 7; females = 4; see Suppl Table 1 ).
Behavioral analysis-Prior to analysis, Kolmogorov-Smirnov (K-S) tests were performed to examine the normality of behavioral data. When behaviors were not normally distributed they were transformed using a natural log plus constant to obtain normality. The impact of early amygdala damage on the expression of defensive and emotional behaviors toward the Human Intruder was examined separately at each age using a Repeated Measures ANOVAs with Group (Neo-C, Neo-A) and Sex as between subjects factors, and Condition (Alone, Profile, Stare) as the within subjects factor. Interactions were examined with posthoc one-way ANOVAs, whereas the one-way Repeated Measures ANOVA's were used to examine animals' ability to modulate behaviors across the three conditions. Discriminant function analyses were conducted separately for each age (infancy, juvenile), to test whether cortisol and behavioral expression during the Human Intruder task could accurately classify individual animals by Group (Neo-C, Neo-A). Items included in the discriminant function analyses were coo vocalizations, freezing, hostility, anxiety, stereotypy and self-grooming behaviors as well as cortisol levels (pre-and post-stressor). Behavioral items were selected based on previous studies that demonstrated behavioral alterations after amygdala damage (Newman, & Bachevalier, 1997; Kalin, et al., 2004; Bauman, et al., 2008; Raper, et al., 2012a) . To test if the discriminant function categorized individuals better than would occur by chance, we used Press's Q statistic (Hair, et al., 2009 ) calculated as follows: N = total sample size n = number of observations correctly classified K = number of groups Press's Q is distributed as a Chi-square with K -1 degrees of freedom.
Hormonal analyses-A preliminary analysis was performed to ascertain if the time from disturbance until collection of the blood sample had any influence on pre-stress cortisol levels. Two Hierarchical Linear Model (HLM) Regression analyses were performed on prestress cortisol and ACTH levels separately. The amount of time it took to collect the blood sample explained a significant portion of the variance in pre-stress cortisol levels (R 2 = 0.20, F(1,20) = 3.57, p = 0.047), but not in pre-stress ACTH levels (R 2 = 0.10, F(1,20) = 1.08, p = 0.36), thus the variable of time to collect the sample was used as a covariate in subsequent analyses of group differences for cortisol levels only.
Changes in cortisol and ACTH levels were assessed using repeated measures ANOVA with Group (2) and Sex as between subjects factor and Time (pre-vs post-stressor) as the within subjects repeated measures. Post hoc analyses to further examine interactions effects were performed with One-way ANOVA's.
Correlations-In a previous publication, we examined potential group differences in testosterone (T) levels, and found no differences between groups (Raper, et al., 2012b) . In this study, we investigated potential relationships between T levels and behavior during the Human Intruder paradigm at each age. Partial correlations were performed for T levels and behavior correcting for the amount of time it took to collect the blood sample. Four animals were excluded from analyses during infancy because their T level (Neo-C male = 1) or total yawning (Neo-C male = 1; Neo-A female = 1; Neo-A male = 1) was two standard deviations above the group mean, thus a total of 26 animals were included in the infant correlation analyses (see Suppl Table 1 ). During the juvenile period, three animals (Neo-C male = 1; Neo-C female = 1; Neo-A female = 1) exhibited yawning behavior two standard deviations above the group mean, thus to avoid bias they were excluded from analysis leaving a total of 23 animals in the juvenile correlation analysis (see Suppl Table 1 ).
The relationship between the extent of amygdala damage and behavior during the Human Intruder paradigm was also examined using Pearson correlations. Lastly, the relationship between the extent of amygdala lesion and hormone levels (i.e. testosterone, cortisol) were examined with partial correlations to correct for the amount of time it took to collect the blood sample. All analyses were conducted with SPSS 16 for Windows, a p < 0.05 was considered significant, and effect sizes (eta squared or Cohen's d) were calculated.
Results
Neonatal amygdala lesions and emotional reactivity in infancy
Alone condition-When removed from the colony and place in a novel environment infant monkeys emit coo vocalizations to re-connect with their group and this behavior was observed in animals of both groups. Thus, during the Alone condition, all infant monkeys emitted significantly more coo vocalizations as compared to the other two conditions (Condition: F[2,52]=4.3, p=0.019, η 2 =0.14; Figure 2 ). Neo-A infants also emitted more coos throughout all conditions compared to Neo-C infants (Group: F[1,26]=3.9, p=0.05, η 2 =0.13). Moreover, Neo-C infants engaged in more cage exploration during the Alone condition than did Neo-A animals (Group X Condition: F[2,52]=3.9, p=0.03, η 2 =0.13; see Figure 2 ), they also modulated their cage exploration based on the presence or gaze direction of the human intruder (Condition effect: F[2,12]=17.08, p<0.001, η 2 =0.74; F[2,12]=5.02, p=0.03, η 2 =0.46, Neo-C females and males respectively), but Neo-A infants did not (Condition effect: F[2,12]=2.79, p=0.10, η 2 =0.32; F[2,16]=2.92, p=0.08, η 2 =0.26, Neo-A females and males respectively). Interestingly, females of both groups explored the cage more than did males (Sex: F[1,26]=5.1, p=0.032, η 2 =0.17; Figure 2 ).
Profile Condition-When the intruder's profile was presented, both groups displayed increased freezing behavior (Condition: F[2,52]=35.8, p<0.001, η 2 =0.58) and there were no group differences. However, the frequency of fearful defensive behaviors varied according to the infants' group, sex, and the condition (Group X Sex X Condition: F[2,52]=3.4, p=0.04, η 2 =0.12; see Figure 2 ). Neo-C males exhibited a linear decline from Alone to Profile to Stare condition, but Neo-C females had more fearful defensive behaviors during the Profile condition than in the other two conditions (see Figure 2 ). Thus, Neo-C animals displayed a clear modulation of fearful defensive behaviors across conditions that differed between the sexes, but similar modulation was not seen in Neo-A animals. Unlike Neo-C males, Neo-A males exhibited similar levels of fearful defensive behaviors across all conditions, and significantly more fearful defensive behaviors during the Profile and Stare conditions as compared to Neo-C males (F[1,15]=5.98, p=0.028, η 2 =0.30; F[1,15]=8.15, p=0.013, η 2 =0.37, respectively). Similarly, unlike Neo-C females, Neo-A females expressed more fearful defensive behaviors during the Alone and a trend in the Stare conditions (F[1,13]=5.07, p=0.044, η 2 =0.30; F[1,13]=4.10, p=0.06, η 2 =0.25, respectively). Taken together, these data suggest that neonatal amygdala lesions altered the ability to modulate fearful defensive behaviors based on the contextual information in the environment (i.e. presence or gaze direction of the intruder).
Stare Condition-The most salient threat to a monkey occurs when the intruder stares directly at the monkey and both groups exhibited increased hostile responses to this threat (Condition: F[2,52]=23.4, p<0.001, η 2 =0.47) with no differences between groups. In contrast, frequency of infant scream vocalizations varied depending on lesion status, sex, and Human Intruder condition (Group X Sex X Condition interaction: F[2,52]=5.15, p=0.009, η 2 =0.17). As illustrated in Figure 2 , Neo-C infants of both sexes emitted more screams during the Stare condition than the other two conditions (Condition: F[2,12]=8.69, p=0.005, η 2 =0.59; F[2,12]=16.1, p<0.001, η 2 =0.73, respectively). Although Neo-A males exhibited the same modulation of screams as control males (Condition: F[2,16]=7.05, p=0.006, η 2 =0.47), Neo-A females did not (Condition: F[2,12]=2.16, p=0.16, η 2 =0.27) and emitted significantly more screams during the Alone condition than Neo-C females (F[1,13]=6.47, p=0.026, η 2 =0.35; see Figure 2 ).
Infant monkeys regardless of neonatal treatment expressed more anxious behaviors, tooth grinding, and yawning during the Stare condition than during the Alone and Profile conditions (Condition: F[2,52]=84.7, p<0.001, η 2 =0.77; F[2,52]=106, p<0.001, η 2 =0.80; F[2,52]=15.5, p<0.001, η 2 =0.37, respectively). Interestingly, the expression of anxious and tooth grinding behaviors differed depending on the infants' group and sex (Group X Sex interaction: F[1,26]=5.0, p=0.034, η 2 =0.16; F[1,26]=4.2, p=0.05, η 2 =0.14), such that Neo-C males exhibited more anxiety and tooth grinding compared to Neo-A animals or Neo-C females (see Figure 2 ). There was also a significant increase in yawning that differed according to the sex of the animals (Sex: F[1,26]=4.1, p=0.05, η 2 =0.14), such that males expressed more yawns than females in both groups. Lastly, self-grooming increased as the salience of the threat increased (Condition: F[2,52]=9.01, p<0.001, η 2 =0.26). Again, these behaviors tended to differ according to the sex of the infant (Sex X Condition: F[2,52]=2.88, p=0.06, η 2 =0.10) with females of both groups exhibiting more self-grooming as compared to males (F[1,13]=6.04, p=0.03, η 2 =0.34). No significant differences were found between groups for affiliative or stereotypic behaviors.
Neonatal amygdala lesions effects on emotional reactivity in juveniles
Group differences were still present at twelve months of age (see Figure 3 ), but there were fewer sex differences in the emotional responses in the two groups.
Alone Condition-Although the groups did not differ in the amount of cage exploration, Neo-A animals continued to emit more coos throughout all conditions compared to controls (Group: F[1,19]=4.14, p=0.05, η 2 =0.18; see Figure 3 ). Juvenile monkeys of both groups exhibited more stereotypies (e.g. pacing) and more affiliative behaviors (including coo vocalizations) during the Alone condition compared to the other conditions (Condition: F[2,38]=7.38, p=0.002, η 2 =0.28; F[2,38]=4.41, p=0.02, η 2 =0.19, respectively.
Profile Condition-The impact of neonatal amygdala lesions at this juvenile period became more apparent when the intruder presented his/her profile. Thus, as compared to infancy during which both groups exhibited similar levels of freezing, juvenile Neo-A animals now exhibited significantly less freezing than did Neo-C animals (Group X Condition: F[2,38]=6.69, p=0.003, η 2 =0.26; see Figure 3 ). However, only Neo-C subjects modulated their freezing based on both the presence and gaze direction of the human intruder (Alone vs Profile: F[1,10]=21.7, p=0.001, η 2 =0.69; Profile vs Stare: F[1,10]=27.7, p<0.001, η 2 =0.74). By contrast, Neo-A juveniles only modulated their freezing based on the absence/presence of the human intruder (Alone vs Profile: F[1,9]=16.2, p=0.003, η 2 =0.64), and exhibited similar levels of freezing regardless of the gaze direction of the intruder (Profile vs Stare: F[1,9]=3.5, p=0.09, η 2 =0.28). Additionally, both groups exhibited an increase in fearful defensive behaviors depending on the presence and gaze direction of the intruder (Condition: F[2,38]=10.63, p<0.001, η 2 =0.36; see Figure 3 ). However, whereas Neo-C juveniles exhibited more fearful defensive behaviors in the Profile as compared to the other two conditions (Alone vs Profile: F[1,10]=12.17, p=0.006, η 2 =0.55; Profile vs Stare: F[1,10]=15.45, p=0.003, η 2 =0.61), Neo-A juveniles did not (Alone vs Profile: F [1, 9] =1.59, p=0.23, η 2 =0.15; Profile vs Stare: F[1,9]=3.9, p=0.06, η 2 =0.31). Thus, during preadolescence, early amygdala damage has impacted what would be considered "predator avoidance" behaviors in the wild (Kalin, et al., 1991 (Kalin, et al., , 2005 .
Stare condition-Juvenile monkeys of both groups exhibited a large and significant increase in hostility (Condition: F[2,38]=51.97, p<0.001, η 2 =0.73), although the magnitude of this increase was less in Neo-A animals than Neo-C animals (Group: F[1,19]=5.71, p=0.027, η 2 =0.23, see Figure 4 ). Additionally, both groups expressed more scream vocalizations, yawning, and anxiety during the Stare condition as compared to the other two conditions ( Figure 3 ). The sex difference in yawning found in infancy was no longer present during preadolescence (Sex: F[1,19]=1.17, p=0.29, η 2 =0.06).
Similar to infancy, juvenile monkeys exhibited increased self-grooming behaviors during the Stare condition compared to the other conditions (Condition: F[2,38]=4.21, p=0.022, η 2 =0.18), and females of both groups exhibited more self-groomin compared to the males (Sex: F[1,19]=14.46, p=0.001, η 2 =0.43; see Figure 3 ).
Neonatal amygdala lesions impact on HPA axis stress reactivity
At one year of age, neonatal amygdalectomy produced profound changes in neuroendocrine stress response. Thus, as shown in Figure 4B , Neo-A animals exhibited greater cortisol levels during the post-stress sample as compared to Neo-C animals (Group: F[1,18] = 7.79, p = 0.012, η 2 = 0.30). There was also a significant Group X Sex X Time interaction for cortisol levels (F[1,18] = 4.31, p = 0.05, η 2 = 0.19), indicating that females with neonatal amygdalectomies had the highest cortisol levels after exposure to the human intruder. By contrast, both groups demonstrated significant increase in ACTH level from pre-to poststressor (Time: F[1,19] = 13.28, p = 0.002, η 2 = 0.41, Figure 4A ), but there was no significant main or interaction effects of Group or Sex (F[1,19] = 0.59, p = 0.45, η 2 = 0.03; F[1,21] = 0.20, p = 0.65, η 2 = 0.01, respectively). The significant difference seen in cortisol, but not ACTH, is likely due to the differences in the timing of secretion, regulation (e.g., negative feedback) and clearance for the two hormones (Fink, 2010) . There were no significant correlations between the extent of amygdala lesion and hormone levels.
Discriminant function analysis
A discriminant function analysis was performed to test whether the expression of coo vocalizations, freezing, hostility, anxious, self-grooming and stereotypic behaviors during the Human Intruder paradigm, as well as cortisol levels (infancy: pre-stressor; juvenile: preand post-stressor) accurately classified individual animals into those with an intact amygdala and those with neonatal amygdala lesions. During infancy, the overall Wilks's Lambda was not significant (Λ = 0.66, χ 2 [7, N=30] = 10.1, p = 0.19) indicating that groups could not be discriminated based on these factors. In contrast, as juveniles, the overall Wilks's Lambda was significant (Λ = 0.32, χ 2 [8, N=23] = 19.4, p = 0.013) indicating a strong discrimination between groups, accounting for 82% of the total variance. Table 3 shows the percentage of subjects correctly classified by the juvenile discriminant function. The function correctly classified 91.3% of the subjects, which differed significantly from chance (Press's Q = 15.7, df = 1, p<0.001). Specifically, the expression of behaviors that best predicted group classification were hostility (r=0.47), post-stress cortisol level (r=0.41), anxious behaviors (r=0.39), duration of freezing during the Profile condition (r=0.37), coo vocalizations (r=0.30), and pre-stress cortisol levels (r = 0.27). Self-grooming (r=0.09) and stereotypic behaviors (r=0.05) did not account for a significant amount of variance and were not predictive of group classification. This analysis demonstrates that the expression of these four behaviors and cortisol levels accurately discriminates animals with neonatal amygdala damage from those with a functional amygdala, but only later in juvenile development and not in infancy.
Correlations between Behavior, Testosterone, and extent of amygdala damage
Previous studies have demonstrated a sex difference in yawning, which is influenced by testosterone (T) in post-pubertal old world monkey (Phoenix, et al., 1973; (Hadidian, 1980; Troisi, et al., 1990; Graves & Wallen, 2006) . Given the sex difference found in yawning during infancy in the current study, the relationship between T levels and total amount of yawning were examined using partial correlations to control for the blood sample collection time. There was a significant, but moderate positive relationship (pr[23] = 0.42, p = 0.02; see Figure 5A ) between yawning and testosterone levels in infancy, but this relationship disappeared in juveniles (pr[20] = 0.23, p = 0.16; Figure 5B ), at a time when the postnatal testosterone surge in males had subsided and sex differences in yawning had disappeared. Thus, during infancy, sex differences in yawning appeared linked to circulating testosterone levels that may indicate activation of this behavior by testosterone at this early developmental time.
To further investigate the sex difference in yawning behavior, a repeated measures ANOVA was conducted for yawning with Group and Sex as between subjects and Age (infant, juvenile) as repeated factors. There was a significant Sex X Age interaction (F[1,18] = 4.87, p = 0.04, η 2 = .21), such that males exhibited a decrease in yawning from infancy to juvenile, whereas the expression of yawning did not change with age in females (see Figure  5C ). The sex difference in yawning between infant males and females was very large (Cohen's d = 1.66), whereas it became small and nonsignificant among juveniles (Cohen's d = 0.19). Since yawning appeared to be activated by infant T we further analyzed yawning in males, which showed an infant T increase, using a repeated measures ANOVA that revealed a significant effect of Age (F[1,11]=5.24, p = 0.04, η 2 = .32). Both Neo-C and Neo-A males exhibited more frequent yawns as infants than as juveniles, yet, Neo-A males exhibited lower yawning as compared to Neo-C males at both ages (Group: F[1,11]=4.94, p = 0.048, η 2 = .31), suggesting either a lower social reactivity or lowered sensitivity to T, and Neo-A and Neo-C males did not differ in infant levels of T (Raper, et al., 2012b) .
Examination of potential correlations between the extent of amygdala damage and any of the behaviors examined revealed no significant relationships either during infancy or preadolescence. There were no significant correlations between basal cortisol levels and behaviors during infancy or preadolescence, as well as no significant correlations between post-stress cortisol levels and behavior in juveniles.
Discussion
This study examined the effects of early amygdala damage on emotional reactivity across the infant and juvenile periods. There were six main findings. First, as found in previous studies conducted under markedly different social conditions, neonatal amygdala lesions did not impair the basic expression of emotional or defensive behaviors using the Human Intruder paradigm (Raper, et al., 2012a) . Rather these early lesions altered the magnitude of the expression of emotional behaviors, and in some cases reduced the contextual modulation of these behaviors depending on the presence and gaze direction of the intruder. Second, these data complemented earlier findings by showing that the effects of the neonatal amygdala lesions on emotional reactivity became more pronounced as the animals matured. Third, unlike previous studies (Kalin, et al., 1998) , the data also demonstrated the presence of sex differences in the expression and modulation of emotional reactivity, which were surprisingly more prevalent in infants than in juveniles. Fourth, these results indicated intriguing influences of gonadal hormones on expression and modulation of behavior as exemplified by the sex difference in yawning during the male infant postnatal testosterone surge, which was not evident in juveniles after male testicular function stopped. Fifth, contrary to previous studies demonstrating a blunted HPA axis response to a stressor in adult animals with either adult-onset (Kalin, et al., 2004; Machado & Bachevalier, 2008) or neonatal (Raper, et al., 2012a) amygdala lesions, the current results indicated that neonatal amygdala lesions lead to increased cortisol stress responses in juvenile monkeys. Lastly, a suite of emotional behaviors exhibited during the Human Intruder paradigm and cortisol levels accurately discriminated lesioned from non-lesioned in the juvenile stage, but not in infancy, suggesting that a combination of behavioral responses may reflect an amygdalectomy syndrome that would be recognizable to other members in the animal's social groups. Furthermore, the fact that this discrimination was only seen in juvenile monkeys suggests as developmental trajectory in which the consequence of neonatal amygdala damage becomes more pronounced with age or social experience. Together, these results demonstrate that the amygdala plays a critical role in the expression of sexuallydimorphic emotional responses during primate early development and influences the reactivity of the HPA axis in response to stressors.
Amygdala and Emotional Reactivity
As shown in previous studies (Kalin, et al., 1989 (Kalin, et al., , 1991 Raper, et al., 2012a) , infant rhesus monkeys modulated their defensive and emotional behaviors depending on the gaze direction and magnitude of the threat provided by the human intruder in the first few months after birth. Importantly, early damage to the amygdala did not disrupt the overall development of species typical behaviors. Thus, during infancy, both sham-operated controls and animals with neonatal amygdala lesions exhibited more freezing during the Profile condition and more hostility during the Stare condition. However, as juveniles, the impact of early amygdala damage became more apparent as indicated by a reduction in the production of these behaviors in animals with neonatal amygdala lesions as compared to controls. The current results are in agreement with those of a recent study indicating that neonatal amygdala lesions yielded no changes in freezing at 4.5 months of age, but decreased freezing in adulthood in animals reared under more socially restrictive conditions than used here (Raper, et al., 2012a) . This pattern of findings replicated in separate studies indicates that the effects of neonatal amygdalectomy may emerge or become more apparent with development. There are numerous neural developmental changes occurring between infancy through adolescence that could account for these effects. Amygdala volume significantly increases in normal rhesus monkeys from 1 week to 2 years of age (86.49% in males and 72.94% in females; Payne, et al., 2010) and these volume increases are reflected by important cytoarchitectonic changes within the different amygdala nuclei (Chareyron, et al., 2012) . There are also developmental changes in the neural pathways involved in the coordination of the reactive stress response (Lidow, et al., 1991; Andersen, 2003) . Glucocorticoid receptors increase from infancy to adolescence (Perlman, et al., 2007; Pryce, 2008; Sinclair, et al., 2011b) , whereas neurotransmitter (monoaminergic, cholinergic, and GABAergic) receptor density steadily declines and tapers off at puberty (Lidow, et al., 1991) . In addition, the impact of the amygdala on emotional reactivity also involves interactions of the amygdala with other neural systems, such as the orbital and ventromedial prefrontal cortex, which are known to have a more protracted development than the amygdala (Machado & Bachevalier, 2003) . Therefore, the enduring effects of amygdala damage on emotional reactivity may have resulted from an impact of the amygdala damage on the normal development of other structures and pathways involved in assessing threat level and coordinating an appropriate behavioral and neuroendocrine response.
Although neonatal amygdala lesions did not disrupt the development of species typical defensive and emotional behaviors, it did impact the magnitude of the expression of emotional behaviors based on the contextual information in the environment. As infants and as juveniles, monkeys with early amygdala damage expressed more coo vocalizations throughout the test and exhibited less cage exploration during the Alone condition in infancy but not in preadolescence. The alterations in cooing and cage exploration are in line with the role of the amygdala in detecting environmental danger and adapting an appropriate behavioral strategy according to the salience of that threat (Davis & Whalen, 2001) . The willingness to emit coo vocalizations regardless of the presence or gaze direction of the intruder suggests that amygdalectomized animals had difficulty discerning the difference in threat level between conditions or in modulating their behavioral responses to these conditions. However, it is possible that the lack of modulation resulted from an overall change in the magnitude of the emotional reactivity.
Interestingly, discriminant function analyses indicated that an animals' expression of coo vocalizations, freezing, hostility, anxious behaviors and cortisol levels could predict with great accuracy the group in which the animals belonged. This finding was present at the juvenile stage but not in infancy further supporting the proposal that the impact of early amygdala damage becomes more apparent with age. Additionally, the juvenile data suggest that these four behaviors and cortisol levels can accurately classify animals with amygdala damage from those with a functional amygdala. Interestingly, reduced freezing is the most common finding across previous studies examining the effect of amygdala lesions (Meunier, et al., 1999; Kalin, et al., 2004; Machado & Bachevalier, 2008; Raper, et al., 2012a) . In our conditions, with animals continuously living in complex social groups, freezing moderately predicted whether an animal had amygdala damage or not, whereas the expression of hostility, post-stress cortisol level, and anxious behaviors were stronger predictors. Although our discriminant function accurately classified 91.3% of subjects, some caution is appropriate as our sample size (n=23), although large for a primate study, is small for discriminant analysis and will need to be verified by future studies. However, the ability to discriminate amygdala-lesioned from intact animals based on a behavioral and hormonal profile could be a valuable tool for future behavioral testing and determining the amygdala's role in behavioral development.
Sex-dependent Role of the Amygdala in Emotional Reactivity
For some emotional responses, the effects of the amygdala lesions varied according to the sex of the animal, indicating an important role of the amygdala in the expression of sexually-dimorphic behaviors. In the case of fearful defensive and scream vocalizations, infant females with neonatal amygdalectomy showed a different pattern compared to control females, exhibiting more of those behaviors in the Alone condition. Previous studies have reported that female macaques express more screaming vocalizations than males (Tomaszycki, et al., 2001; Jiang, Kanthaswamy, & Capitanio, 2012) . In fact, infant vocalizations to separation or rejection by their mothers, an emotionally arousing situation, are sexually differentiated with females giving longer and more complex vocalizations than did males (Tomaszycki, et al., 2001) . These vocalizations are masculinized in females whose mothers were exposed to elevated testosterone raising the possibility that the sex differences seen here in emotional vocalizations may reflect sexual differentiation of the amygdala under prenatal androgens.
Adult rhesus monkeys exhibit a sex difference in fearful and hostile behaviors, such that females express more fear grimaces and hostility toward a novel human as compared to males (Mason, et al., 1960) . In the current study, infant female controls expressed more fearful defensive behaviors during the Profile condition compared to the other two conditions, whereas control males exhibited a linearly decreasing decline across conditions. Neonatal amygdalectomy resulted in an exaggeration of the patterns in fearful defensive behaviors, such that Neo-A females expressed more fearful defensive behaviors as compared to control females. Whereas Neo-A males expressed a similar declining pattern in fearful defensive behavior across conditions as did control males, they exhibited higher frequency of fearful defensive behaviors compared to control males. Thus, the impact of early amygdala damage resulted in an exaggeration in the expression of fearful defensive behaviors during infancy. However, for some behaviors, amygdala damage did not increase, but rather eliminated, the typical sex difference. For example, normally developing male infants exhibited increased anxious behaviors and tooth grinding compared to females, neonatal amygdalectomy eliminated this sex difference in infancy, such that Neo-A males expressed similar levels of anxiety and tooth grinding to that of Neo-A and Neo-C females. Taken together these results indicate that the amygdala is an important neural structure involved in the expression of behavioral sex differences for some emotional behaviors.
Neonatal amygdalectomy did not impact the expression of all behavioral sex differences, as shown by the presence of overall sex differences in yawning during infancy and selfgrooming behaviors as infants and juveniles. Previous studies have shown that the sex difference in yawning emerges after puberty (Hadidian, 1980; Troisi, et al., 1990) and is influenced by testosterone (T) in old world monkey (Phoenix, et al., 1973; Graves & Wallen, 2006) . However, in our study this sex difference occurred in infancy, during a developmental stage when males are experiencing the postnatal T surge, a period when gonadal hormones are temporarily active in male infants only (Forest, et al., 1974 (Forest, et al., , 1979 Robinson & Bridson, 1978; Mann, et al., 1989) . Thus, the increased yawning in males was positively related with T levels in males, suggesting that this behavioral sex difference is present at birth and under the activational influence of circulating T levels. We are unaware of any other behavior that is activated by neonatal T in rhesus monkeys. Support for the hypothesis that this behavior was activated by T was further provided by the absence of sex difference in yawning as juveniles, at a time when the postnatal T surge has ended and both sexes are in a period of gonadal quiescence prior to puberty. Finally, the fact that early amygdala damage did not impact the sex difference in yawning during infancy suggests that the amygdala is not involved in the sexually dimorphic behavioral expression of yawning.
Another example of a lack of sex-dependent role of the amygdala is provided with selfgrooming behaviors during infancy and preadolescence. Juvenile rhesus females exhibit significantly more grooming with partners in their social group (Hassett, et al., 2010) , thus the increased self-grooming was expected. Interestingly, early damage to the amygdala did not disrupt this typical sex difference in rhesus monkey females. Nevertheless, additional sex differences in behavior may emerge in these animals after puberty when gonadal hormones are elevated.
Amygdala and development of the HPA axis stress reactivity
Juvenile monkeys responded to the Human Intruder paradigm with stress-induced elevations in plasma cortisol and ACTH, and the increase in cortisol was greater in animals with neonatal amygdala lesions than in controls. Interestingly, females with neonatal amygdala lesions showed significantly greater cortisol secretion in response to the stressor compared to all other animals. The stress-induced hyperreactive cortisol response of neonatal amygdalectomized animals was unexpected given that previous lesion studies have reported blunted HPA axis stress response after amygdalectomy (Kalin, et al., 2004; Machado & Bachevalier, 2008; Raper, et al., 2012a) . One potential factor that could explain these unexpected findings is the age at which the stress response was examined. All previous lesion studies have examined the effects of amygdala lesions on stress response in adulthood (after puberty), whereas the current study focused on juveniles (before puberty). Puberty is a period of continued development of neural pathways involved in coordinating the HPA axis stress response (Lidow, et al., 1991; Andersen, 2003) . For example, prior to puberty neurotransmitter (monoaminergic, cholinergic, and GABAergic) receptor density is steadily declining until tapering off at puberty (Lidow, et al., 1991) . In contrast, glucocorticoid receptors (GR) density increases from infancy to adolescence at which time GR expression reaches a plateau and then declines in old age (Perlman, et al., 2007; Pryce, 2008; Sinclair, et al., 2011b) . In fact, prepubertal rodents exhibit an exaggerated stress response and delayed return to baseline after stressors compared to adults (Romeo, et al., 2004a (Romeo, et al., , 2004b (Romeo, et al., , 2006 , suggesting an immaturity of the HPA axis glucocorticoid negative feedback before puberty. Additionally, primate studies have reported that pre-pubertal female monkeys exhibit greater cortisol response to stressors (Clarke, 1993; Davenport, et al., 2003; Sanchez, et al., 2005) . Thus, the elevated cortisol observed after neonatal amygdala lesions, particularly in females, suggests that the neonatal lesions could have impacted the normal development of the HPA axis, including the typical developmental changes in neurotransmitters, neuropeptide and corticosteroid receptor systems, leading to a hyperactive stress response. Further analyses of the stress reactive response of these animals after puberty when the animals reach maturity will demonstrate whether the effects of neonatal amygdala lesions are transitory and will lead to blunted cortisol secretion as it has been shown in previous studies (Kalin, et al., 2004; Machado & Bachevalier, 2008; Raper, et al., 2012a) . Unfortunately, similar analysis of HPA axis stress response could not be performed during infancy, limiting our ability for a longitudinal interpretation of our findings.
Despite the exaggerated cortisol stress response, neonatal amygdala-lesioned animals exhibited blunted fear reactivity during the human intruder as reflected by a reduction of freezing in the presence of the intruder as compared to controls. Thus, the data indicate a dichotomy between the effects of neonatal amygdala lesions on fear responses and on HPA axis functioning. This dichotomy could be explained by the different connections of the amygdala with brain systems critical for the production of fear behaviors and those responsible for HPA axis fear reactivity. Thus, the regulation of freezing behaviors requires activation of the periaqueductal gray matter, which receives direct inputs from the amygdala (Kalin, et al., 2001; Walker & Davis, 1997) . In contrast, the HPA axis stress response to psychogenic stressors is regulated via different pathways, including indirect projections from the amygdala to the hypothalamic paraventricular nucleus (Herman, et al., 2003; Myers, et al., 2012) and other alternative pathways that could differently impact the HPA axis reactivity in the absence of a functional amygdala. Thus, both the prefrontal limbic cortex and the bed nucleus of the stria terminalis have strong connections with the hypothalamus and both receive strong inputs from the amygdala (Rempel-Clower & Barbas, 1998; Myers, et al., 2012; Radley, 2012) . Therefore, in the absence of a functional amygdala, it is possible that the HPA axis reactive stress response could still be stimulated by other structures.
Amygdala and Neuropsychiatric Disorders in Humans
In summary, the present findings inform our understanding on the role of the amygdala on the development of the expression and regulation of emotion. The impact of early amygdala damage is reflected more in the magnitude of the expression of emotional reactivity as compared to controls. It also appears that amygdala-lesioned animals exhibit a reduced ability to modulate their emotional behavioral responses based on the level of threat presented by the human intruder. Whether this lack of modulation after amygdala lesion is due to an inability to assess the level of threat in the environment, or is merely due to an overall change in the magnitude of emotional reactivity is unknown. Future assessment of emotional reactivity in other tasks will hopefully elucidate this question. Furthermore, this study demonstrates that the amygdala plays a critical role in the expression of sexuallydimorphic emotional response during primate early development. These sex-dependent alterations in defensive and emotional reactivity after neonatal amygdala lesions bear some similarities with sex-dependent symptomatology of developmental neuropsychiatric disorders, such as autism, schizophrenia, and mood disorders (Häfner, 2003; Zahn-Waxler, et al., 2008; Rinehart, et al., 2011; Schumann, et al., 2011) . There is growing evidence of aberrant amygdala development and abnormal fear reactivity and emotional dysregulation in children with neuropsychiatric disorders (see review Schumann, et al., 2011) . Results from the current developmental nonhuman primate study may shed light on how disruption of normal amygdala function can directly impact emotional behavior in infancy and manifest itself through development.
Highlights
• Amygdala's role in the development of emotional reactivity • Impact of neonatal amygdala lesions assessed using the Human Intruder paradigm
• Animals' sex modulated behavioral effects of neonatal amygdalectomy during infancy
• Impact of early amygdala damage became more apparent with age
• Lesions resulted in a dichotomy between behavioral and cortisol stress response Juvenile: Average Coo vocalizations, Freezing, Hostile, Fearful Defensive, Anxious, Tooth Grinding, and Self-grooming behaviors during the three conditions of the Human Intruder paradigm. # indicates a significant difference between conditions. * indicates a significant difference (p < 0.05) between groups. All other abbreviations are the same as in Figure 2 . Intended and unintended damage after neurotoxic lesions of the amygdala a Behavior for which total duration was also measured.
b Behavior that was not observed in these subjects.
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